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bivalves, smaller foraminifera, and ammonoids; and a lack of radiometric dates. Although 60 recent biostratigraphic studies have greatly improved the chronostratigraphy of these strata 61 Here, we document the first high-precision chemical abrasion isotope dilution thermal 75 ionization mass spectrometry (CA-TIMS) age for strata of the Atkan Formation using zircons 76 collected from a volcanic ash bed and from a boulder contained within a "diamictite" (Fig. 1) . 77
These dates confirmed the widespread Permian volcanic activity in this and surrounding 78 regions. The high precision U-Pb ages and sedimentologic nature of the Atkan diamictites also 79 provide important constraints on regional and global paleoclimate interpretations. 80 81 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 consists of dark-grey, sericitized, silty-clay, with some sections transformed into a microfelsite 135 aggregates with chaotically dispersed clasts ranging in size from granules to boulders. However, 136 the vast majority of clasts fall within the granule to pebble size range. Granules contained 137 within the matrix are partially composed of dacite and rhyolite. In thin-section, sand-sized 138 particles (0.25-0.5 mm) dispersed in the matrix are angular to rounded and consist of equal 139 amounts of volcanic quartz, plagioclase feldspar lathes, and larger lithic fragments. 140
Geologic setting 82
Approximately 50% of the lithic fragments consist of devitrified volcanic glass that has altered 141 to a clay aggregate containing microfelsite crystals. Pumice debris, 0.2 -20 mm in diameter, 142
with "torn" edges and occasional irregular "branchy" shapes, occur together with glassy 143 palmate debris. Smaller grains of carbonate are also present. 144
Pebble to boulder-size clasts of volcanic rhyolite and dacite, and rare intrusive diorite 145 and granodiorite, are unevenly distributed within the diamictites. Some boulders are as large as 146 0.7 m in diameter. A significant number of clasts, particularly the intrusive clasts, are well 147 rounded, sometimes nearly isometric in shape, but the majority of the clasts (volcanic) have 148 irregular shapes (Fig.3) . Clasts displaying embayments and finger-like protrusions are common. 149
Alteration hallows also surround some clasts. The magmatic clasts are "floating" in a fine-150 grained volcanic-siliciclastic matrix. Morphologically, the textures of these deposits closely 151 resemble some glacigenic diamictites from Gondwana (cf. Fielding et al., 2008a; Isbell et al., 152 2013b; Jones and Fielding, 2004; Young, 2013) . 153
An absence of wave indicators, the association of the diamictites with graded sandstone 154 beds that are interpreted as deep water turbidites, the occurrence of marine fossils, and the 155 occurrence of deep-water trace fossils within the diamictite-bearing successions suggest that 156 the Atkan strata were deposited within a deep-water marine environment that was well below 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the clasts, and an absence of grooved and striated surfaces beneath the diamictites precludes a 160 diamictite facies suggest that ice rafting was not a factor in deposition of these units (cf. 164 Thomas and Connell, 1985; Gilbert, 1990) . The bedded nature of the diamictites (less than 2 m 165 thick), their occurrence as thick diamictite successions, and an absence of preferred orientation 166 of clasts suggest deposition of these units as debris flows within sediment gravity-flow fans (cf. The magmatic clasts were historically considered as Devonian, although the exact age 179 was never established. Recently, however, U-Pb SHRIMP zircon analyses from the Atkan 180 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 analyzed by Biakov et al (2010) likely included detrital components, which suggest that the 185 reported age may not be the depositional age of the Atkan Formation. 186
In this study, two samples were collected from the Atkan Formation. One sample was a 187 light grey rhyolite boulder (10 x 20 cm) that was enclosed within a dark-grey volcanic-siliciclastic 188 matrix (Fig. 3) collected in the lower part of the Atkan Formation at Geological Creek (Figs. 1, 3) . 189
The second sample was collected from strata in the middle part of the Atkan Formation 190 exposed in the Natalkin -Glukharynyi Creek watershed. This sample was a whitish-pink crystal 191 tuff (0.5 kg) of probable rhyolitic composition. The tuff is altered, and it was not possible to 192 make a thin-section from the collected material (Fig. 3) . 193 194
Results. U-Pb geochronology 195
The U-Pb dates were obtained by the CA-TIMS method on single zircon grains (Table 1) . 196
Zircon was separated from rocks using standard techniques, annealed in a muffle furnace at 197 900° for 60 hours, mounted in epoxy, and polished until the centers of the grains were exposed. 198
Cathodoluminescence (CL) images were obtained with a JEOL JSM-1300 scanning electron 199 microscope and Gatan MiniCL. Zircon grains selected on the basis of CL images were removed 200 from the epoxy mounts and subjected to chemical abrasion in concentrated hydrofluoric acid at 201 180°C for 12 hours, after which they were rinsed, spiked with the EARTHTIME ET535 isotopic 202 tracer, and totally dissolved. trace fossils, and an association of the diamictites with sandstones deposited as turbidites. The 234 bedded nature of the diamictites and the occurrence of randomly dispersed clasts within 235 individual units suggest that these deposits formed as debris flows. The abundance of volcanic 236 grains and glass shards, the occurrence of embayed clasts, and an absence of striated and 237 faceted clasts all indicate that the sediment originated from erosion of a volcanic landscape, 238 rather than as a product of glacial processes. 239
The age of the Atkan Formation was initially proposed as Upper Permian (sensu lato) 240 (Fig. 4) . 253
The widely accepted model of late Paleozoic Gondwana glaciation, which was derived 254 entirely from eastern Australia and extended to include purported glaciation in the Russian Far 255
East, does not easily equilibrate with new global faunal and geochronological data. In eastern  256 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The age of the P4 glaciation is taken here to extend from 260 to 254.5 Ma (early to 274 middle Wuchiapingian, possibly includes the latest Capitanian). This event occurs on the 275
International Chronostratigraphic Chart between what is interpreted as the Guadalupian-276
Lopingian mass extinction, which might occur slightly below the formal G-L boundary, and two 277 established U-Pb ages, 255.26 Ma that is slightly older than the P4 glacial deposits and 253.38 278 slightly younger than the glacial deposits (Metcalf et al., 2015) . 279
Original dating of the P3 and P4 glacial events of eastern Australia and the original 280 purported age and interpretation of suggested glacial diamictites in Siberia suggested that the 281 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 deposition of rocks of the Atkan Formation was not coeval with the eastern Australian P3 or P4 284 glaciations, but rather occurred during the warm interval between the two glacial events. The 285 interpretation of the Atkan diamictites as volcanic debris flows suggests that the Capitanian in 286 the northern polar region was also a warm climate interval. Therefore, the nature and age of 287 the Atkan Formation has far reaching significance for middle and late Permian climatic models. 288
This significance is outlined and its relationship to other climate indicators is explored below. 289 290
Capitanian Climate 291
In the last decade, the Capitanian was traditionally considered as an interval of global 292 cooling, the Kamura event, associated with a high positive value of δ 13 C for the carbonate 293 record (Isozaki, 2007) . At first, it was interpreted to have started in the early Capitanian (low 294 part of Yabeina zone) and lasted as long as 4-5 million years. As proposed (Isozaki et al., 2007) , 295 during this time the δ 13 C carbonate value rose above +4.5‰ and reached the maximum of 296 +7.0‰ within the Yabeina fusulinid Zone of the early-middle Capitanian. This cooling event, 297 interpreted to have been caused by high biotic productivity, may have been coeval with a long-298 term cooling event, which induces the mass extinction at the end of middle Permian (Isozaki, 299 2007 ). This mass extinction mainly effected the symbiont-bearing faunas of the "tropical trio", 300
i.e. fusulinids Verbeekinidae, giant bivalves Alatoconchidae, and rugosa corals 301 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 that work. According to the Japanese sedimentological record, the "barren interval" might not 309 be greater in duration than about 15 percent of the Capitanian (i.e. less than 1 million years; warming events are associated with diversity peaks and with migration events of warm-water 330 fusulinids into temperate North American shelves. These warming events are proposed to have 331 occurred in the late Artinskian, the late Kungurian, the Capitanian, and the Changhsingian (Fig.1 foraminiferal record and are proposed to have occurred in the early Artinskian, the early 334 Kungurian, the Roadian-early Wordian, and the early Wuchiapingian (Davydov, 2014) . 335
According to these data, Capitanian time was associated with a warm global climate that, in 336 addition to fusulinid data, is also supported by data showing global reef expansion (Weidlich, 337 2002) and an increase in global diversity of rugosa corals (Fedorowski, 1989) . 338
These data are consistent with the records from the type area of the Capitanian in 339
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